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We have prepared bio–inorganic nanohybrids consisting of magnetic inorganic nanolayers (iron-
titanate) and protein molecules via exfoliation–restacking process in solution. It was found that the 
protein molecules were electrostatically and spontaneously incorporated into the interlayer space 
of the inorganic layered structure by adjusting the pH of the solution appropriately. The binding 10 
studies demonstrated the high affinity of the iron–titanate nanolayers for the proteins, and the 
immobilized protein preserved its activity after the hybridization. The catalytic activity 
measurement and magnetic separation experiment indicate the formation of magnetically 
applicable inorganic layer–biomolecule nanohybrids. The magnetic layer–biomolecule nanohybrid 
developed here would be a novel conspicuous material which shows different properties from those 15 
of conventional biomolecule-immobilized magnetic particles. 
Introduction 
No one doubts a great contribution of magnetism to the state 
of the art in nanotechnology. Especially, magnetic particles 
are making a great success in nanobiotechnology as a new tool 20 
for magnetic resonance imaging (MRI) contrast agent,1 
targeted drug delivery system,2 bioseparation,3 and thermal 
tumor therapy.4 In some applications, biomolecules are 
immobilized on the magnetic particles. Although the 
immobilization of the biomolecules on the magnetic particles 25 
coated with polymer or chemically stable oxide layer would 
improve the stability of biomolecules to some extent, the 
protection effect is not sufficient because the most parts of the 
biomolecules are exposed to outside environment. This will be 
a serious problem when one uses such biomolecule-30 
immobilized magnetic particles for a long time or applies 
them under extreme conditions (at high temperatures, at non-
physiological pHs, or in organic solvents). Inorganic materials 
having regular nanospaces are attractive because they have 
unique ability to enhance the stability of biomolecules by 35 
encapsulating them into the nanospaces. For example, it has 
been reported that stabilities of proteins are much improved 
compared to those of free proteins by using inorganic 
frameworks such as mesoporous materials, clay minerals, and 
layered metal (hydro)oxides.5-7 Among them, inorganic 40 
layered materials are adaptable to hybridization of many kinds 
of guest molecules with various sizes via facile solution 
processing.8,9 As the representative studies, Kumar and co-
workers found that the interstratification with α-zirconium 
phosphate layers improves chemical and thermal stabilities of 45 
proteins.10-12 Generally, inorganic materials have a great 
potential to acquire a novel function depending on their 
elementary compositions. Therefore, if a new hybrid 
composed of biomolecules and inorganic layered materials 
having magnetic properties is created, this will be the 50 
innovative tool that is different from conventional magnetic 
particles. Concretely, the proposed nanohybrid will 
accomplish stabilization and magnetization simultaneously, 
i.e., the produced nanohybrids can effectively draw out both 
functions of inorganic material and biomolecule. In this study, 55 
we first explored the preparation, characterization, and 
functions of the inorganic magnetic layer–biomolecule 
nanohybrid. Enzyme was selected as a target biomolecule 
from the view point that the enhancement of stability for 
various kinds of enzyme is highly desired for applications in 60 
bioengineering and more extensive fields including 
biomedical fields. 
Experimental 
Synthesis and delamination of layered iron–titanate 
Pristine K0.8Fe0.8Ti1.2O4 (KFTO) and its derivatives were 65 
prepared according to the protocol reported by Sasaki et al.13 
with some minor modifications. The KFTO powder was 
produced by calcination of appropriate amounts of K2CO3, 
Fe2O3, and TiO2 at 1100 
oC for 12 h twice with intermediate 
grinding. The potassium ions in the KFTO (1 g) were 70 
substituted with H+ during stirring in 1 M HCl (50 ml) over 24 
h. The protonated powder (HFTO) was filtered and washed 
with copious water. The resultant HFTO (0.1 g) was 
exfoliated to single FTO nanolayer by vigorous stirring in 
tetrabutylammonium hydroxide solution (TBAOH, 25 ml) 75 
more than 1 week, where the amount of TBAOH was 
equivalent to 2-fold molar excess to the ion exchange capacity 
of the HFTO. 
Hybridization of HRP with FTO nanolayers 
FTO layers intercalated with enzyme, horseradish peroxidase 80 
(HRP), was formed by mixing of HRP (Wako Pure Chemical, 
MW: 40200) solution with the exfoliated FTO suspension. 
The stock solution of FTO (pH = 6, 1 mg/ml) was prepared by 
dilution and addition of acetic acid to the basic FTO 
suspension as mentioned above. The lyophilized HRP powder 85 
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was dissolved into 0.02 M acetate buffer solution with pH = 4 
or 5 (0.5 – 3.0 mg/ml). Zeta potentials of the stock solutions 
of HRP (5 mg/l) and FTO (2 mg/l) were estimated using an 
electrophoretic laser light scattering spectrophotometer. The 
equivalent volumes of each stock solution were blended and 5 
stirred for 3 h at 308 K, where the reaction mixtures at 
HRP/FTO (w/w) = 1.5 showed pH = 4.3 or 5.2 according to 
the pHs of buffer solution. After that, the precipitate was 
collected by centrifugation. The dried product was obtained 
by washing and sequent lyophilizing. In the present study, 10 
molar concentration of FTO is expressed on the basis of the 
number of unit negative charge in the FTO. 
Characterizations of HRP-FTO nanohybrids 
Powder X-ray diffraction (XRD) pattern of the HRP-FTO 
nanohybrid was recorded with Ni-filtered Cu-Kα radiation 15 
with wavelength of 0.15418 nm (40 kV, 30 mA). The 
measurements were carried out for thin film samples after air-
drying of the HRP-FTO suspensions on the glass plate. The 
morphologies of the lyophilized powders were observed using 
scanning electron microscopy (SEM) equipment with 20 
accelerating voltage of 5 kV. Fourie-transformed infrared 
(FTIR) spectra of HFTO, HRP-FTO, and free HRP powders 
were measured using a conventional KBr matrix technique. 
Magnetism of the powder sample was measured at room 
temperature on a vibrating sample magnetometer (VSM).  25 
Catalytic activity evaluations 
The enzyme catalytic activity of HRP was studied using 
oxidation of o-methoxyphenol (guaiacol) as a substrate. The 
reaction solution was prepared by mixing of 15 μM HRP or 
HRP-FTO (240 μl) and 5 – 10 mM guaiacol (240 μl) with 30 
1896 μl of 0.02 M acetate buffer solution (pH = 4) in a quartz 
glass cuvette (light path length: 1 cm), where The HRP-FTO 
nanohybrid, which was prepared at HRP/FTO = 1.5 (w/w) and 
pH = 4, was also employed. The formation rate of oxidation 
products was monitored by absorption change at 470 nm and 35 
298 K immediately after the addition of 24 μl of 100 mM 
H2O2 to the solution. The relationship between substrate 
concentration (0.5 – 10 mM) and initial reaction rate was 
utilized to calculate the kinetic parameters (Km and Vmax) by 
means of a curve fitting method. 40 
Results and discussion 
Various kinds of positively-charged chemical species can 
substitute for K+ ions in interlayer of the layered potassium 
iron-titanate (KFTO) which was used as a precursor of 
magnetic nanolayer. It was confirmed that a commercial 45 
permanent magnet attracts the fine powders of KFTO and its 
proton exchanged form (HFTO), implying the effectiveness as 
a magnetic host accepting biomolecules. Horseradish 
peroxidase (HRP) was adopted as a target biomolecule 
(enzyme) in the present study. The HFTO was delaminated to 50 
individual FTO nanolayers (Fe0.4Ti0.6O2
0.4–) via insertion of 
bulky tetrabutylammonium ions (TBA+), and then the 
exfoliated FTO nanolayers were hybridized with the HRP. 
More specifically, electrostatic interaction between negatively 
charged FTO with HRP having opposite surface charge causes 55 
spontaneous formation of FTO lamellar structure interleaved 
with HRP. As well-known, charging state of solid surface 
strongly depends on acidity of solution. The fact indicates that 
the solution pH would greatly influence the formation of the  
 60 
Fig. 1 Effect of pH on zeta potentials of FTO (2 mg/L) and HRP (5 mg/L). 
The pH was adjusted by addition of 0.1 M HCl and 0.1 M NaOH to 
FTOaq (pH = 6.2) and HRPaq (pH = 4.0) as starting solutions, respectively. 
 
Fig. 2 Effect of (a) synthesis pH and (b) HRP/FTO weight ratio on X-ray 65 
diffraction pattern of HRP-FTO nanohybrid. d–spacings are written 
around each peak. 
HRP-FTO nanohybrids. We thus investigated the effect of 
solution pH on the binding of HRP to the FTO nanolayers as a 
first step. Zeta potential measurement is a proper technique to 70 
assess polarity and its strength of solid surface in solution. As 
shown in Fig. 1, the surface of exfoliated FTO nanolayer 
charges negatively over a wide range of pH and isoelectric 
point of FTO (pIFTO) is located at pH = 2, which is closed to 
that of layered titanate without iron.14,15 In contrast, the HRP 75 
used in this study shows pIHRP ~ 5 that is significantly lower 
than those previously reported (pIHRP = 7 ~ 9).
16,17 Judging 
from these facts, the pH during the hybridization should be 
maintained less than 5 in order to charge the HRP surface 
positively. 80 
Fig. 2 depicts the X-ray diffraction (XRD) patterns of the 
HRP–FTO nanohybrids. The sample fabrication was carried 
out by simple mixing of the exfoliated FTO suspension (1.0 
mg/ml) and HRP (1.5 ~ 3.0 mg/ml) dissolved in acetate buffer 
solution of pH = 4 or 5. The pattern of TBA+–intercalated 85 
FTO (TFTO) is also displayed for comparison. As shown in 
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Fig. 2a,  the obtained XRD patterns were drastically altered 
depending on the pH. As can be seen from the figure, no 
discernible diffraction line was observed in the products 
prepared at pH = 5 independent of the HRP/FTO ratio (0.5 ~ 
2.0 (w/w)), while the negligible peak attributed to (020) plane 5 
of the HFTO appeared around 2θ = 9.5o.13,18 The result clearly 
reveals a difficulty of electrostatic assembly between FTO and 
HRP at pH = 5 since the zeta potential of HRP is nearly zero 
as stated already. In contrast, when the HRP stock solution 
was relatively acidic (pH = 4), the broad peak of FTO 10 
structure was recognized at lower diffraction angle than that 
of TFTO. During the reaction, a periodical HRP/FTO layered 
structure was spontaneously assembled by the intercalation of 
positively charged HRP having a large molecular size. The 
peak broadening may be related to random orientation of the 15 
HRP molecules in the interlayer space. At pH = 4, the 
expanded layered structure was produced even at the smaller 
HRP/FTO weight ratio = 0.5 (d = 3.4 nm). On the other hand,  
it was confirmed that the HRP molecules existing in the 
interlayer of FTO were able to be extracted by stirring in 20 
phosphate buffer solution of pH = 7.4 due to electrostatic 
repulsion between negatively charged HRP and FTO. The 
solution pH also affected the morphologies of the dried 
products. According to SEM observations (Fig. 1 in 
Supplementary Data), the round and aggregated particles were 25 
observed in the product at pH = 5, while almost particles 
obtained at pH = 4 retained lamellar structure. The 
hybridization efficiencies of HRP, i.e., percentage of bound 
HRP amount against total, were evaluated from a comparison 
of absorbances at the Soret band of HRP (402 nm) for the 30 
stock solution and supernatant after centrifuging the mixture 
after 3 h reaction (HRP/FTO = 2.0 (w/w)).10 As a result, the 
estimated efficiencies were 77 and 33 % at pH = 4 and 5 (308 
K), respectively. The higher efficiency at pH = 4 is agreed 
with the results of the zeta potential and the XRD 35 
measurements. On the other hand, it was found that the 
synthesis temperature has only a little influence on the 
hybridization efficiency as compared with the solution pH (ex. 
79 and 74 % at 303 and 313 K, respectively). 
Fig. 2b displays the XRD patterns of HRP–FTO 40 
nanohybrids fabricated in the mixed solution with various 
HRP/FTO weight ratios at pH = 4. The full width at half 
maximum (FWHM) of the peak was narrowed at the large 
HRP/FTO ratio. The sharpened peak means the enhanced 
crystallinity of the HRP–FTO nanohybrids owing to ordered 45 
arrangement of HRP molecules in the interlayer. d–spacings 
were also increased with increasing the HRP/FTO ratio. The 
interlayer separation calculated by subtraction of FTO 
thickness from the d–spacing exceed a minimum dimension of 
HRP molecule (3.0 x 3.5 x 6.0 nm17,19) at HRP/FTO ≥ 2. In 50 
these cases, the whole HRP molecules were inserted in the 
interlayer spaces between the FTO nanolayers except for the 
surface adsorbates. As a result, it can be concluded that the 
simple mixing method of exfoliated FTO nanolayers and HRP 
at pH = 4 realizes an intercalation of HRP molecules into the 55 
FTO layered structure. The exfoliation and restacking 
technique of inorganic layers has been extensively studied to 
intercalate various kinds of guest ions or molecules. Our novel 
findings with respect to the pH–dependent hybridization 
efficiencies would give us fundamental guidelines for 60 
immobilization of guest species (especially biomolecules) in 
inorganic matrix. Based on the results obtained here, the 
further investigations are focused on the HRP–FTO 
nanohybrids formed at pH = 4. 
There are several papers studying on intercalation of 65 
biomolecules into layered titanate not including magnetic 
elements.14,15,19 However, no report has dealt with chemical 
stoichiometry and binding constant of targeted molecules for 
titanate within our knowledge. In order to study affinity of 
HRP for magnetic FTO nanolayer, binding parameters were 70 
determined by means of the simple centrifugation method 
described else.20 Briefly, the reaction mixtures with various 
HRP/FTO weight ratios were centrifuged after stirring for 3 h 
to settle the nanohybrids. The HRP/FTO ratio in the  
 75 
Fig. 3 Affinity of HRP for FTO layer. (a) Plot of total HRP concentration 
(Ct) against free HRP (Cf) after 3 h reaction. The vertical intercept of the 
linear fitting corresponds to stoichiometry of HRP (Cb) for FTO (2.4 mM). 
(b) Scatchard analysis of HRP binding to FTO. Binding constant (Kb) can 
be calculated from slope of linear regression at low r region (–Kb). 80 
precipitate was indirectly estimated by measuring free 
HRP concentration remaining in the supernatant as identical 
manner stated above. Fig. 3a shows the plot for determination 
of binding stoichiometry. The free HRP concentrations (Cf) 
were constantly lower than the total concentration (Ct), 85 
supporting the presence of HRP in the product. The linear 
relationship in Fig. 3a means facile control of the binding 
amount. The binding stoichiometry (Cb corresponds to Ct at Cf 
= 0) estimated from vertical intercept was about 12 μM for 2.4 
mM FTO. The obtained Cb largely exceeds that of mesoporous 90 
silica,6 and thus the high capacity may be advantage of the 
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FTO and other exfoliated nanolayers. The equilibrium binding 
constant (Kb) of HRP was also determined by the Scatchard 
equation (eq. (1)).21 
r / Cf = nKb - Kbr     (1) 
In eq. (1), r and n are binding density (equivalent to (Ct – 5 
Cf)/[FTO]) and saturated adsorption amount of specific 
binding, respectively. As shown in Fig. 3b, the Scatchard plot 
bends at r = 0.006 probably due to contribution of non-
specific binding on the surface at high r region. The Kb for 
HRP calculated from linear regression at low r region (solid 10 
line) is 5.4   106 M-1, comparable to those of HRP (or 
different proteins) for other inorganic layered matrices.10,11,22 
Thus, the FTO nanolayer possesses a high affinity with the 
HRP molecules. As a matter of course, the FTO seems to be 
applicable as a host matrix not only for HRP but also other 15 
biomolecules. 
Since the vibration bands of amide group of proteins are  
 
Fig. 4 Peroxidase activities of free HRP and HRP bound to FTO. Initial 
reaction velocities (V0) of guaiacol and H2O2 (1 mM) catalyzed by 1.5 μM 20 
HRP in acetate buffer solution (pH = 4) are plotted as a function of 
guaiacol concentration. Solid lines indicate non-linear regression curves 
to determine kinetic parameters (Km and Vmax). 
sensitive to microstructural environment,15 the FTIR 
spectra of HRP–FTO, native HRP, and original HFTO were 25 
collected to follow a conformational change of HRP during 
the hybridization (Fig. 2 in Supplementary Data). There is no 
change both in the amide I (1656 cm-1) and the amide II (1541 
cm-1) bands after the reaction, suggesting that the 
hybridization process took place without any deformation of 30 
the secondary structure. The enzyme catalytic activities of 
free HRP and HRP–FTO nanohybrid were assayed for 
oxidation of o-methoxyphenol as a model substrate (Fig. 4). 
The absorption band (470 nm) of tetrameric products of the o-
methoxyphenol under a presence of 1 mM H2O2 was 35 
monitored as a function of time. The kinetic parameters (Km 
and Vmax) for free and bound HRP (1.5 μM) were determined 
by curve fitting of the relationship between initial formation 
rate of the product and total substrate concentration. The Vmax 
value of HRP-FTO is 0.032 mMs-1 while that of free HRP is 40 
0.054 mMs-1, suggesting that about 59 % of the activity 
remained even after the hybridization. The decrease of Vmax 
may be indicative of steric restriction of the HRP molecules 
interstratified between the rigid FTO layers.15 Although 
detailed investigations to achieve higher peroxidase activity 45 
and stability than the free HRP are now progressing for 
various weight ratios of HRP and FTO, the obtained kinetic 
data here provide evidences that the bound HRP preserves a 
certain extent of peroxidase activity without serious 
denatuation and that the reactants and products of the catalytic 50 
reaction can access to the encapsulated HRP through the 
partly open framework. 
In the past decade, it has been found out that several 
oxides doped with 3d magnetic elements including iron– 
and/or cobalt–doped layered titanates show ferromagnetism 55 
even at room temperature.23-25 Therefore, biomolecule–
magnetic layer nanohybrids synthesized in the present study 
are expected to become new magnetically applicable 
nanomaterials for biological uses.26 The magnetization curves 
of HFTO and HRP-FTO were taken on a vibrating sample 60 
magnetometer (VSM) at room temperature (Fig. 5a). The clear  
 
Fig. 5 Magnetic properties of HRP–FTO nanohybrids. (a) M–H curves of 
HFTO after annealing at 1073 K for 5 h in N2 and its nanohybrid with 
HRP (HRP / FTO = 2.5 (w/w)). (b) Photographs of HRP–FTO suspension 65 
(0.1 mg/ml) in cuvette before and after magnetic separation using 
neodymium magnets. 
hysteresis loop appeared in the curves indicates that the 
HFTO and HRP-FTO possess an analogous magnetic property 
with the titanate layer doped with Co and/or Fe previously 70 
reported.24,25 As compared with the HFTO, the reduced 
magnetization of the HRP-FTO reflects decreasing of FTO 
content in the powder. The tiny residual magnetization closed 
to the magnetite nanoparticles encapsuled in silica27 appears 
to be advantageous to disperse the nanohybrids in solution 75 
without agglomeration. The photographs in Fig. 5b 
demonstrate a feasibility of magnetic separation of the HRP–
FTO powder. A few ball–type neodymium magnets were 
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immersed into the HRP–FTO aqueous suspension (0.1 mg/ml) 
to collect the dispersed particles. It should be noted that most 
of HRP–FTO particles were trapped on the magnet surfaces 
and the suspension became colorless and transparent. 
Therefore, the prepared HRP–FTO nanohybrids are 5 
considered to be magnetically collectable. To our knowledge, 
this is the first example of magnetic separation for inorganic 
layer–biomolecule nanohybrid. Needless to say, titanate 
nanolayers excluding iron cannot be adsorbed on magnets. 
Recently, the other group reported that the layered double 10 
hydroxide (LDH) composed of magnetic elements as a 
scavenger of harmful anions can be recovered under applying 
an extremely high field generated by superconducting 
magnets.28 On the other hand, the present HRP–FTO 
nanohybrids respond to relatively weak field with commercial 15 
magnets. This fact suggests that FTO has a great potential to 
be utilized for more efficient separation and facile 
manipulation processes. 
Conclusions 
We have prepared nanohybrids of magnetic layered iron-20 
titanate and enzyme HRP molecules via exfoliation-restacking 
process. It was found that HRP was electrostatically and 
spontaneously incorporated into the interlayer space of the 
nanolayers by adjusting the solution pH. The binding studies 
demonstrated the high affinity of iron–titanate for the HRP, 25 
and the enzyme preserved its activity after hybridization. The 
magnetic separation experiment indicated the formation of 
magnetically applicable inorganic layer–biomolecule 
nanohybrids. Thus, the magnetic layer–biomolecule 
nanohybrid will be a unique material which shows different 30 
properties from those of conventional biomolecule-
immobilized magnetic particles. 
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